Background: Advances in ultrasonic telemetry, including the ability to accurately position a transmitter within an array of hydrophone receivers, have led to increased opportunities to investigate a broad spectrum of ecological questions in aquatic systems. The quality and efficiency of positioning a transmitter relies upon factors controlled by the researcher (for example, geometry of the receiver array) as well as environmental conditions (for example, water quality or environmental noise). While the physics of sound wave propagation are well understood, the high amount of environmental variability in and among aquatic habitats makes it difficult to predict exactly how any given ultrasonic signal will behave. To evaluate variability in system performance across different receiver arrays in diverse environments we present positional records for fixed-location tags recorded with a popular positioning array, the VEMCO Positioning System (VPS). Using these records we evaluate the relationships between system performance, measured as both horizontal positioning error and positioning efficiency, and user-controlled and environmental variables. We used generalized linear mixed models to assess performance at a coastal site, a site in a freshwater tidal estuary, and a riverine site. Results: The positioning errors were similar across sites, with median errors ranging from 1.6 to 3.3 m. In contrast, there was large variation in positioning efficiency across sites, with poor positioning efficiency in the coastal habitat (7%), possibly due to high levels of bioacoustic noise, and moderate efficiency in the river (21%) and estuary habitats (27%). Our statistical models indicate that array geometry was consistently the most important predictor of positioning performance. Environmental noise and water movement also emerged as additional predictors of performance at several sites. Conclusions: The results provide insight into VPS performance capabilities and emphasize the importance of testing array geometries. Additionally, water quality parameters should be monitored and receiver mooring designs should be carefully considered before embarking upon a telemetry study. We hope this work will guide future researchers in creating more effective designs for positioning arrays, and facilitate the collection of high quality information about movement and behavior patterns of aquatic organisms.
Background
Animal movement is fundamental to much of ecology and animal biology [1] . Organisms must move to find food, avoid predators, encounter mates, and respond to the environment. Thus knowing the fine-scale movement of targeted animals is an important aspect of understanding their habitat use and ecology. Ultrasonic telemetry allows for the monitoring of movement in aquatic environments, which can otherwise be difficult to observe [2, 3] . Approaches can be varied, ranging from simple detections of animal presence at stationary receivers (for example, [4] [5] [6] ) to detailed recording of animal positions and three-dimensional acceleration [7] [8] [9] . Telemetry systems can collect fine-scale positions of transmitters when receivers are deployed in an array, and the differences in the arrival time of a single transmission at multiple receivers are used to calculate its position [10] [11] [12] [13] [14] . Recent development of precision timing mechanisms and autonomous receivers with long battery lives have allowed for the deployment of flexible, longterm positioning arrays for research in varied aquatic ecosystems [15, 16] .
The quality and efficiency of positioning by telemetry systems relies upon variables controlled by the researcher as well as upon environmental conditions. The conceptual model in Figure 1 summarizes how user-controlled and environmental variables may influence sound propagation and the performance of a positioning system. Usercontrolled variables include, but are not limited to, the geometry of the receiver array, the estimated speed of sound at the study site, and the receiver mooring design. The geometry of the receivers and transmitters has been shown to affect system performance [12, [16] [17] [18] [19] , likely due to the spatial variability in mathematical certainty inherent in triangulation equations [20, 21] . Inaccurate estimates of the speed of sound (which varies with temperature and conductivity) and movement or tilt of receivers can also result in increased positioning error. Additionally, environmental variables can directly impact the propagation of a sound wave or mask the signal with non-target noise. As waves spread from a point source acoustic energy is reduced, and the wave can be reflected, refracted, scattered, and/or absorbed by elements in the environment [20] . Loss or alteration of the sound wave can result in an incomplete or erroneous signal arriving at the receiver. In addition, high levels of environmental noise due to human activity or natural processes may reduce the ability of receivers to detect and extract the information in an ultrasonic signal [3, [20] [21] [22] . Given the inherent variability of real-world environments, it is difficult to predict exactly how each sound wave will behave and thus how a positioning system will perform at any given research site. However, by examining the performance of several positioning systems with varying array geometries and environmental factors we can better understand which conditions are most likely to pose challenges in future studies.
In order to evaluate the variability in system performance across diverse study sites, we assessed transmitter locations recorded with an increasingly popular positioning array, the VEMCO Positioning System (hereafter VPS; VEMCO Division of AMIRIX Systems; Halifax, Nova Scotia, Canada), which were collected in pursuit of three separate research objectives in three different environments [23] , Steel et al. unpublished observations, Thomas et al. unpublished observations. These environments encompass a broad spectrum of aquatic habitats where ultrasonic telemetry is frequently utilized: oceans, estuaries, and rivers. The oceanic site was located on the coastal shelf off San Diego, California within the Point Loma kelp forest (32.691°, -117.263°), Figure 1 Conceptual model of factors influencing the performance of an ultrasonic positioning system. Positioning system performance metrics (a) are directly influenced by various user-controlled and environmental variables (b), which in turn are influenced by a number of contributing factors present at a study site (c). Variables measured for this study are bold. Those in gray could not be reliably measured so were not considered in statistical models.
and was designed to monitor movement of pink abalone (Haliotis corrugata) away from an artificial spawning aggregation site. The estuarine site was in a shallow tidal lagoon known as Mildred Island (37.975°, -121.530°) in the freshwater portion of the San Francisco Estuary, near the town of Stockton, California. It was intended to document the habitat use of largemouth bass (Micropterus salmoides) in areas of high submerged aquatic vegetation. The riverine site was in the Sacramento River at the confluence with Antelope Creek (40.082°, -122.116°), south of the town of Red Bluff, California (Figure 2) , and was deployed to record the habitat use of spawning green sturgeon (Acipenser medirostris). For more information about the study sites and array deployment, refer to the methods. The designs of the positioning arrays varied by site, but all included transmitters in fixed locations that were used to assess both the horizontal positioning error (quantified as the Euclidian distance between the GPS location of a fixed tag and the VPS-calculated positions) and the efficiency of positioning (quantified as the proportion of the expected transmissions that were recorded as positions). To achieve our primary objective of assessing VPS performance, we modeled the relative importance of user-controlled and environmental variables (Table 1) on positioning error and efficiency within these three disparate aquatic environments.
Results

Tag detection
The positional data were recorded over approximately equal time spans at each site (49 to 60 days), but the number of fixed transmitters and the quantity of recorded positions varied by site and by transmitters within sites (Figure 2 ). Over the 60-day study period for the coastal site, 4,266 positions were recorded from six V9-2H transmitters with 450 Figure 2 Location of VPS study areas. The three VPS arrays were located (a) in a coastal kelp forest on the continental shelf of southern California, (b) in the tidal freshwater portion of the San Francisco estuary, and (c) in the main channel of the Sacramento River in the Central Valley of northern California. Sites contained six to 10 independent hydrophone receivers (Vemco VR2W) and six to 13 coded transmitters (Vemco 69 kHz). Transmitters were moored in known, fixed locations either independently or co-located with a receiver. Number of recorded positions (N pos) of each transmitter are displayed at right by transmitter reference code (Trns). Base maps from Esri (DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community).
to 500 s random delays (11.9 positions recorded per transmitter-day). At the estuarine site a subset of 40 days were selected for analysis at eight even intervals within the 340 days the array was in place (see methods for further explanation of sampling constraints). Over the reduced study period, 38,498 positions were recorded from 10 V13-1L transmitters with 600 to 800 s random delays and three V13-1L transmitters with 170 to 310 s random delays (averaging 74.0 positions recorded per transmitterday). Over the 49-day study period for the riverine array, 7,735 positions were recorded from five V13-1H transmitters and one V16-1H transmitter, all with 600 to 800 s random delays (averaging 26.3 positions recorded per transmitter-day).
Array performance
The magnitudes and distribution of horizontal positioning errors were similar across the three sites (Figure 3a) . The most noteworthy difference was in the coastal site where the distribution of error showed a bimodal pattern with peaks at 0.9 and 3.5 m, and a larger median error (median = 3.3 m, 95%ile = 7.3 m) as compared to the estuarine (median = 2.5 m, 95%ile = 15.8 m) or riverine sites (median = 1.6 m, 95%ile = 7.9 m). There were more pronounced differences across sites for positioning efficiency (Figure 3b ). The coastal site had low median efficiency and a narrow probability density (median = 0.02, 95%ile = 0.32). The estuarine site included a strong bimodal probability density with peaks at positioning efficiencies of 0.01 and 0.76, and it also had the highest median efficiency (median = 0.28, 95%ile = 0.42). The riverine site had a low median efficiency, similar to the coastal site, but the probability density included a slight bimodal pattern with the strongest peak where positioning efficiency equaled 0.01 and a weaker peak at 0.34 (median = 0.00, 95%ile = 0.79). 
User-controlled variables
The geometry of the receiver array was summarized by the viewing angle, originally defined by Berge et al. [18] . It is calculated for each transmitter location as the angle between two bearings, running from the focal transmitter to the outer edges of the polygon formed by the receivers. This measure is referred to as 'viewing' angle because it is the angle required to view the entire receiver array from the perspective of the transmitter. A wide angle indicates that the tag is closer to the center of the array, and conversely a narrow angle indicates the tag is farther away. The range of viewing angles varied across sites with largest average angles at the coastal site (242 degrees) and smallest average angles at the riverine site (127 degrees). The viewing angle generally showed a clear bivariate relationship with positioning performance (Figure 4 ).
Environmental variables
For the coastal array, a visual assessment of time series plots suggested that environmental variables are related to positioning performance. The winds generally came from the south and west during the period from 23 September to 27 November 2009 when the coastal array was in place (Figure 5c ). The wind contributed to waves ranging in height from 0.5 to 2 m, with two distinct periods of large waves reaching up to 3.5 m (Figure 5d ). The dominant wave period varied between 10 and 20 s in a rhythmical manner (Figure 5e ) while the average wave period over 20 min intervals varied from 6 to 9 s, increasing towards the end of the study (Figure 5f ). The water temperature decreased, although intermittently, from 20.5°C on 23 September to 17.0°C on 27 November with slightly lower temperatures at the beginning of November (Figure 5g ). In general, the positioning efficiency was highest during late September and early October, during a period of more southerly winds, lower waves, warmer temperatures, and shorter average wave periods ( Figure 5b ). We also saw a noticeable drop in positioning efficiency corresponding with the largest spike in wave height and a rapid drop in water temperature during the last week of October. Positioning errors became more variable in November when the site experienced westerly winds, greater average wave periods, and cooler water temperatures (Figure 5a ).
At the estuarine site there were also noticeable patterns among the environmental variables and array performance. During the deployment period from 2 September 2009 to 9 August 2010 the predominant flow direction was upriver due to tidal forcing and water extractions, with an exception in April and May when river outflow dominated (Figure 6c ). Because inorganic dissolved solids are contributed both as ocean salinity and agricultural run-off in river inputs, we saw multiple peaks in electrical conductivity that corresponded both with tidal forcing in January and river outflow in May (Figure 6d ). Water temperatures were highly seasonal, ranging from less than 10°C in winter to almost 25°C in summer (Figure 6e ). The temperature and seasonality also drove the abundance of submerged aquatic vegetation at the site (Figure 6f ). In general, we saw the greatest positioning error during peaks of discharge and conductivity in April and May ( Figure 6a ). Positioning efficiency was relatively stable over the study period, with greater variability during the spring and summer months coinciding with increasing temperatures, greater river outflow, and growth of aquatic macrophytes ( Figure 6b) .
The relationship between environmental variables and performance metrics appears strongest at the riverine site. At the beginning of the study period on 11 April 2012 there was a high flow event where the river stage rose more than 0.5 m (1.7 ft) in 12 h (Figure 7c ). This triggered a spike in turbidity ( Figure 7d ) and a drop in water temperature (Figure 7e ). In addition to this event, a smaller flow peak occurred in late April. Each of these higher flows corresponded with increases in the positioning error and sharp decreases in the positioning efficiency. The punctuations in flow interrupted a gradual increase in river stage between 10 April and 30 May Figure 4 Bivariate relationship between array geometry and performance metrics, by site. Geometry of the positioning array was quantified by the viewing angle at each transmitter location. Viewing angle can be defined as the angle between two bearings running from the focal transmitter to the outer edges of the polygon formed by the receivers. Black lines show the linear fit between these viewing angles and each of the performance metrics, horizontal positioning error and positioning efficiency, using ordinary least squares regression. The diel period did not have an effect on positioning errors, but at some sites it did strongly influence positioning efficiency. At the coastal site, there was higher efficiency during the day (Mann-Whitney U test: P <0.0001; Figure 5 ) and at the estuarine site we saw the opposite pattern with higher efficiency at night (Mann-Whitney U test: P <0.0001; Figure 6 ). There was no significant difference in efficiency by diel period at the riverine site.
Statistical models
For each site full generalized linear mixed models (GLMMs) were constructed using horizontal positioning error (HPEm) or positioning efficiency as the response variable. A backwards step-wise selection process was subsequently used to identify those variables with the strongest relationships to performance. All models at all sites suggested an influence of viewing angle on performance (Table 2) . For the models of HPEm we saw negative effects of viewing angle, where wider angles lead to smaller errors ( Figure 8 ). However, for the models of positioning efficiency the coastal site included a surprising negative relationship with viewing angle, suggesting that when all other variables were controlled for, transmitters were positioned more frequently when they had narrower angles and were thus located farther from the center of the array. The model constructed for positioning efficiency at the estuarine site also suggested the same surprising negative relationship between viewing angle and frequency of recorded positions ( Figure 9 ).
In addition to containing parameter estimates for array geometry, most final GLMMs also included variables describing water movement (that is, wave action, discharge, or river stage; Table 2 ). At the coastal site, the model of HPEm contained a parameter indicating a positive relationship between error and mean wave period (Figure 8 ). At the estuarine site, the final model for HPEm included a parameter for the absolute magnitude of discharge (selected to account for bidirectional tidal flows), but the overall effect size for this variable was small (Figure 8 ). At the riverine site, river stage, used as a proxy for water movement, showed a positive relationship with error in the final HPEm model. Notably, it was the only parameter other than array geometry in the model (Figure 8 ). For the final models of positioning efficiency, no parameter for water movement was included at the coastal site. However, at both the estuarine and riverine sites, water movement (measured as mean discharge and mean river stage, respectively) had a negative relationship with positioning efficiency, suggesting that when water movement was high transmitter positioning was more infrequent. The size of this effect was greater at the riverine site ( Figure 9 ). Three of the six final GLMMs included a two-level categorical variable for diel period, considered in model selection as a proxy for daily cycles of environmental noise. Consistent with the preliminary examination of variables, diel period was not particularly important for models of HPEm. It was only included in the final HPEm model for the coastal array, indicating that when all other variables were controlled for, positioning errors were slightly smaller during the night (Table 2) . Diel period was retained in models of positioning efficiency at both the coastal and estuarine sites ( Table 2) . Model results confirm that more positions were recorded during the day in the coastal array, and that more positions were recorded at night in the estuarine array.
Aside from geometry, water movement, and diel period, the other parameters included in the final models represented water quality metrics such as temperature, electrical conductivity, or turbidity. Water temperature showed positive relationships with HPEm at both the coastal and estuarine sites, and electrical conductivity showed a very slight positive relationship with HPEm at the estuarine site ( Figure 8 ). Water temperature showed a positive relationship with positioning efficiency at the coastal site, but a negative relationship with efficiency at both the estuarine and riverine sites. Turbidity was only included in the model for positioning efficiency at the riverine site, and was modeled as a negative relationship (Figure 9 ).
Discussion
Among the three arrays compared here, the median error in positions ranged from 1.6 to 3.3 m. These errors were calculated based on all recorded data, without any position filtering as is frequently done before fine-scale analysis of animal movements [19, 25] . This error range is smaller than the unfiltered mean error of 5 m (SD = 7.8 m) reported by Roy et al. [19] for a VPS deployed in a large hydropower reservoir. It is similar to the unfiltered mean error estimate of 2.6 m (SD = 2.3 m) reported by Espinoza et al. [16] for an estuary site, and larger than the filtered mean error range of 1.0 to 1.8 m reported by Andrews et al. [15] from a VPS placed in a protected ocean environment.
The [19] found a mean efficiency of 0.40 after filtering positions with high estimated errors out of the dataset, and Espinoza et al. [16] reported an efficiency range of 0.28 to 0.53 positions recorded per transmission. Simpfendorfer et al. [26] examined the detection efficiency at single Vemco receivers, and reported a broad range of efficiency from 0.01 to 0.77 detections per transmission. While the overall positioning efficiencies reported here were at the lower limits of those reported in similar studies, they are reasonable considering the challenges of signal propagation at our study sites. These challenges at the coastal site included high noise interference from biological sources and stands of macroalgae, at the estuarine site they included patchy beds of freshwater macrophytes, and at the riverine site the greatest impediments were the complex hydrodynamics, entrained air, and noise from bedload movement. In addition to lost transmissions and those masked by environmental noise, there may have been additional loss of efficiency due to the collisions of concurrent transmitter signals. This can occur within a VPS array when there are high numbers of active transmitters. When we examined the potential for collisions at these sites we did not see a clear relationship between positioning efficiency and the number of transmitters and corresponding pulse rates (Table 3) .
GLMM results indicated that the geometry of receivers in a positioning array was the most consistent factor affecting performance. For all analyses addressing HPEm, we saw that when viewing angles became more acute (that is, tags were farther from the internal area of the array) the error increased, which is in agreement with previous work on the spatial distributions of error in a positioning array [12, 18, 19] . However, when examining Figure 8 Predicted relationships between horizontal positioning error and explanatory variables. Individual panels show the relationship predicted from GLMM models for each variable remaining in the final site-specific models, when all other variables are held constant. The overall relationship of each variable is shown (thick colored line) as well as the relationship modeled for each fixed transmitter at a site (thin black lines), estimated with a random intercept term. The horizontal positioning error was modeled using a natural logistic transformation, but is plotted here in the original scale. Figure 9 Predicted relationships between positioning efficiency and explanatory variables. Individual panels show the relationship predicted from GLMM models for each variable remaining in the final site-specific models, when all other variables are held constant. The overall relationship of each variable is shown (thick colored line) as well as the relationship modeled for each fixed transmitter at a site (thin black lines), estimated with a random intercept term. The positioning efficiency was modeled using a logit link function.
the positioning efficiency, two of the three models suggested that more acute angles resulted in increased efficiency. This result is surprising, and may be due to greater concentrations of transmitter signals closer to the center of the arrays, resulting in more transmitter collisions and reduced positioning efficiency as the viewing angle increases. Alternatively, the pattern may be spurious, resulting from unmeasured attributes that varied by specific transmitter location. These attributes could include elements such as localized vegetation, hydrodynamics, or softer substrates that may increase signal absorption. Because these factors vary in space but are are unrelated to the array geometry, they could lead to confounding results.
Five of the six final models included a metric for water movement, suggesting this is a common feature affecting positioning performance. Depending upon the habitat type, water movement was measured as wave behavior, tidal influence and flow, or river stage, all of which have the ability to move moored receivers and introduce error into recorded transmitter positions. This source of error is likely to be most extreme for non-rigid mooring systems. All the receivers tested here were attached to stainless steel cable, anchored using bottom weights and floated into a vertical position with small buoys. This mooring design allowed the receivers to move slightly within the water column. Among the three arrays tested, this movement was likely the most pronounced in the riverine array where the model predicted that a 0.5 m (1.7 ft) rise in stage, and accompanying increase in water velocity, should result in an additional 1.8 m of positioning error. Therefore careful attention should be paid to mooring designs in research areas that are likely to have high or variable currents. While the error due to receiver movement may be reduced through the use of more rigid mount designs, without a self-righting capability these designs pose an additional risk of the mounts becoming unintentionally fixed in a horizontal position. In addition to contributing to receiver movement, extremely strong flows such as those commonly encountered in riverine systems may also create an 'acoustic wall' along the region of fastest water movement. A subjective assessment of the transmitter detections in the riverine system indicated that very few detections were recorded across the thalweg, and this may have contributed to the low positioning efficiency.
The statistical models also suggest an interesting relationship between positioning performance and water temperature. In the models of HPEm, the coastal and estuarine sites show increased positioning error as water temperatures increased. We believe this is not due to effects of warmer water but rather be due to the use of mean water temperature estimates in the postprocessing positioning equations. User-defined parameters of temperature and salinity at the study site are used to estimate the speed of sound in the triangulation equations, and larger errors in these estimates lead to larger positioning errors. When we examined the difference between the actual water temperatures and the average temperatures assumed in the postprocessing positioning equations, we did in fact find larger differences at higher water temperatures, which may explain the results from the statistical models. Likewise, the model for HPEm at the estuarine site also included a positive relationship between positioning error and conductivity. A comparison of the measured variation in salinity and the average values used in the positioning equations suggest the same mechanism may have led to the positive conductivity relationship indicated in the model. For long study periods in habitats with variable temperature and/or salinity, system performance could be improved by estimating the speed of sound from water quality parameters measured more frequently than those used in these case studies.
At all three sites there was reasonable evidence for declining performance due to environmental noise. In the coastal array we saw decreased positioning efficiency at night, which has been noted in other marine applications of ultrasonic telemetry as well [4, 21] . Nocturnal organisms such as snapping shrimp can create sharp, loud noises that are difficult to discriminate from transmitter pulses [22] and can raise the variable noise threshold of receivers, making the transmission more difficult to detect (D. Webber, personal communication). The diel period was also an important factor at the estuarine array, but it showed the opposite relationship. The study site is a popular area for recreational fishing and boating, and it is likely that the increased motorized boating during daylight hours contributes high levels of background noise. It is also possible that sound waves from recreational sonar units (fish-finders) impede system performance during daytime periods (D. Webber, personal communication). Finally, at the riverine site we saw a strong relationship between river stage and both performance metrics. As discussed above, we expect the hydrodynamics at the site contributed to positioning errors through receiver movement. But we also noted that higher flows were related to reduced positioning efficiency, possibly because flow increases mobilized additional bedload. The collision of gravels and cobbles along the substrate can be clearly heard via mobile receivers, and it is plausible that high bedload movement can cause enough ambient noise to interfere with the reception of ultrasonic transmitters at greater discharges. In addition, turbulent flow patterns can entrain air into the water column, which can absorb an ultrasonic transmission and lead to reduced positioning efficiency [3] . Interestingly, final models for the estuarine array did not include the index for macrophytes, even though we anticipated that aquatic vegetation would absorb a substantial amount of any ultrasonic transmission passing through an existing patch. While a log-likelihood ratio test and AIC values indicated that the model without the macrophyte index was more parsimonious, the removal of this index during model selection only reduced the AIC value by 1.5, and did not cause any noticeable changes in parameter estimates for other variables. When we examined the model containing aquatic macrophytes both as a fixed effect and as a random slope by transmitter, we noted there were two transmitters that showed a strongly negative relationship with increasing macrophyte index (Figure 10 ). These two transmitters (B-02 and B-03; red and blue in Figure 10 ) were moored in substantially thicker beds of macrophytes during the peak growing season. This supports a hypothesis that aquatic vegetation may influence system performance at a smaller scale than the metrics used in this analysis.
Conclusions
Based on the results of this analysis, it is clear that researchers planning to use an ultrasonic positioning system should carefully evaluate the appropriateness of such a system for each research question and environment [4] .
Time should be invested in testing various receiver geometries, as this consistently appears as the most important predictor of performance. Careful consideration of methods to reduce receiver movement may also increase system performance. When research will be conducted at a site with variable temperature and salinity, water quality parameters should be monitored and utilized in postprocessing to reduce errors in the calculated positions. Finally, researchers should be prepared for moderate to high rates of data loss due to environmental noise. Even for the estuarine array, which performed best among those evaluated, on average only 28% of the expected transmitter pulses were converted into positions; the values for the coastal and riverine sites were even lower. Finally, while the environmental conditions examined here are common to many aquatic systems, this analysis did not include environments with thermoclines, nor environments affected by surface ice. It is important to note that each individual study area will present its own unique set of variables that researchers should consider on a case-by-case basis.
The ability to observe animal movement and habitat use in aquatic ecosystems can provide critical insight into basic ecological questions. Innovations in ultrasonic positioning systems have expanded our ability to conduct important research. Through sharing information on the performance abilities of these systems under real environmental challenges, we hope that future researchers will be able to design more effective positioning arrays Figure 10 Predicted relationships between positioning efficiency and macrophyte index at the estuarine site. Estimated overall relationship of macrophyte index (thick green line) as well as the divergent effects of each fixed transmitter (thin black lines) when macrophyte index was modeled with both random intercepts and random slopes. Two transmitters, B-02 and B-03, highlighted in red and blue, respectively, show much different trends than the remaining 11 tags. These two transmitters were located in denser macrophyte beds.
and collect high quality information about the movement and behavior patterns of focal species.
Methods
Study sites
The three sites considered in this study encompass three broad aquatic habitats where ultrasonic telemetry is frequently utilized: oceans, estuaries, and rivers. At each site the positioning arrays differed in receiver density and coverage area due to constraints of the individual studies ( Table 4 ). The coastal site was located on the coastal shelf off San Diego, California within the Point Loma kelp forest (Figure 2a) . The Point Loma kelp forest is approximately 10 km long by 1 km wide, and dominated by giant kelp (Macrocystis pyrifora) and understory kelps (Pterygophora californica and Laminaria farlowii). The substrate consists of boulders on claystone bedrock, with shallow ledges undercutting the bottom. Areas of hard substrate with dense algal growth are interspersed with channels of sand supporting little to no algal growth. The positioning array was located approximately 1 km from shore (32.691°, -117.263°) at a depth of 12 to 14 m within the preferred habitat of the focal species, pink abalone (Haliotis corrugata). Algal growth was thick, including canopy of giant kelp resting at the surface. The mean tidal range was 1.13 m, salinity was relatively stable around 33 ppt, and surface temperature ranged from 13°t o 22°C throughout the year. Because current velocities inside a large kelp bed are greatly reduced, much of the Point Loma kelp forest experiences velocities that are negligible to less than 5 cm s -1 [27] . Wind-generated surface waves can produce dramatic disturbances as they produce drag forces on surface canopy that can tear whole kelp plants from the substratum [28] . The area experiences intermittent boat traffic, predominantly from recreational fishers and divers.
The estuarine site was in a shallow tidal lagoon known as Mildred Island (37.975°, -121.530°) in the freshwater portion of the San Francisco Estuary, near the town of Stockton, California. Before 1983, this area was a deeply subsided agricultural island. The protective levees broke in 1983 and the flooded land was not reclaimed [29] . The resulting lake-like habitat is approximately 1.5 km wide and 3 km long, surrounded by overgrown levees with varying amounts of rock revetment. It has a fairly uniform depth of 4 to 5 m, soft substrates, a maximum tidal range of 1.2 m, and damped currents driven by both tidal and freshwater inputs [30] . Water temperatures generally range from 8°to 25°C over the course of the year. The study site was located in the SW corner of the flooded island, bounded on the northern and southern sides by levee revetment lined with beds of emergent California tule (Scirpus californicus). The shallow subtidal habitats of the northern shoreline were dominated by sand with sparse patches of submerged aquatic vegetation (SAV) while the subtidal habitats along the south-western shoreline were dominated by mud with dense beds of SAV. One of the two primary levee breaches in Mildred Island is located at the SE corner of the study site, which resulted in stronger currents along the eastern edge of the array. There is generally a moderate amount of boat traffic in the area from sport fishing and pleasure boats.
The riverine site was in the Sacramento River south of the town of Red Bluff, California. The study site was 
Positioning array design
The initial design of each VPS positioning array was based on in-situ range tests to inform the optimal distances between receivers, and upon constraints due to geography of the local habitat and behavior of the study species. Each array used a variable number of VR2W receivers to detect transmitters operating at a frequency of 69 kHz, with an output power in the range of 147 to 156 dB re 1 μPa @ 1 m. Transmitters were programmed to emit a coded signal, and code bursts were sent at a set random interval (for example, 30 to 90 s) to reduce the chance that two transmitters would repeatedly collide with one another. Receivers were suspended on a stainless-steel cable approximately 1 to 2 m above the substrate and held vertically with foam floats. Time-synchronizing transmitters were moored at fixed locations within the study array, either co-located with receivers or placed at independent locations (Figure 2 ). These fixed transmitters were primarily intended to allow synchronization of the internal clocks of the independent VR2W receivers, but they also provided an opportunity to assess the performance of the array. The location of all receivers and fixed-location transmitters were recorded at each deployment using differentially corrected GPS technology. See Espinoza et al. [16] for additional details on deployment and data processing for a VPS.
Model variables
Two metrics were selected to compare the performance of each positioning array under varying environmental conditions: the horizontal positioning errors and the positioning efficiency. Each of these was estimated for fixed-location transmitters located within arrays. Horizontal positioning errors were calculated as the distance in meters between a VPS positioned location and the GPS location recorded for that transmitter. At the riverine site, strong currents resulted in one unexpected transmitter movement that required a new location to be derived from the VPS positioning data during postprocessing. This derived position was then used as the reference location for calculating subsequent horizontal positioning errors. Positioning efficiency was normalized for different transmitter programming by dividing the number of positions the VPS recorded by the expected number of transmissions over 12 h intervals.
Based on the intrinsic constraints of the VPS system and variation in aquatic acoustic conditions, we selected a set of variables to assess for relationships with system performance (Table 1) . We considered the geometry of the array as an important user-defined factor for performance based on previous research [12, 16, 17, 19] . The spatial configuration of fixed transmitters and receivers was summarized with a 'viewing angle', defined by Berge et al. [18] and described above. Viewing angles were calculated using a geographic information system (ArcMap 10.1, ESRI Corporation, Redlands, CA, USA).
Environmental variables were obtained from publically available long-term monitoring programs (for example, Wave Rider Buoys and USGS monitoring stations). While this is not as preferable as direct measurements at a site, these sources do provide good estimates of the relative change in continuous water quality and weather parameters, as confirmed with temperature loggers installed at the estuarine site. To evaluate potential diel patterns in environmental noise we also included a two-level categorical variable. Transmitter detections between 19:00 and 7:00 were considered 'night' detections and those between 7:00 and 19:00 were considered 'day' detections.
At the coastal study site we used environmental data from the NOAA National Buoy Data Center [32] recorded at a buoy located approximately 11.9 km NW of the study site in water 200 m deep (Station 46231, Scripps Institute of Oceanography @ 32.748°, -117.370°). We used measurements summarized over 20 min sampling periods for water temperature (°C), average and dominant wave period (s), mean wave direction (degrees true), and significant wave height (m). The distribution of giant and understory kelps relative to tags and receivers was not measured during the study and these may have influenced performance. In particular, giant kelp has the greatest potential to block transmissions with gas bladders continuously positioned from the bottom to top of the water column. However, care was taken at the time of placement by divers on SCUBA to not place tags and receivers immediately next to algae to prevent entanglement.
At the estuarine study site we used environmental data from the USGS National Water Information System [33] recorded at a gauge located approximately 3.5 km downstream of the study site on the Middle San Joaquin River, near Holt, California (USGS gauge 11312685 @ 32.530°, -117.431°). We used measurements taken at 15 min intervals for water temperature (°C), electrical conductivity (μS/cm), and discharge (cfs) which was modeled in two parts: absolute discharge and a categorical variable indicating ebb or flood tide. Temperature measurements closely matched values collected by on-site data loggers. We excluded available variables that were tightly correlated with other selected metrics (river stage and velocity) as well as those that vary at small spatial scales within the estuary (chlorophyll and water turbidity) because we did not feel the measurements at the gauge would appropriately reflect conditions at the study site. In addition to variables from the USGS gauge, every 6 weeks we sampled the density of submerged aquatic vegetation at the estuarine site along set transects using a thatching rake. These measurements were converted into an index of overall macrophyte density to be included in our models.
At the riverine study site we used environmental data accessed from California Department of Water Resources' California Data Exchange Center [34] , recorded at a gauge located approximately 11.5 rkm upstream of the study site on the Sacramento River, near the Red Bluff Diversion Dam (USBR gauge @ 40.1544°, -122.2020°). We used hourly measurements of water temperature (°C), river stage (ft), and water turbidity (ntu). We excluded available measurements for dissolved oxygen because we did not feel the measurements at the gauge would reliably reflect conditions at the study site.
Data analysis
To assess performance of the VPS arrays, we constructed a general linear mixed model for each performance metric at each site. All potential explanatory variables were evaluated for collinearity within each model. Where there were high variance inflation factors, variables were selected for removal based upon the bivariate relationships between those variables in question and the performance metric. The variables with the strongest relationships were retained for the subsequent model selection process. In addition, because of the periodic nature of the sampling for macrophytes at the estuarine site, we reduced the full dataset of system performance to only 5 days surrounding each of the eight sampling periods. The resulting dataset included 40 days, evenly spaced throughout the deployment period. This created a sample size that was more comparable to the 60-and 49-day datasets analyzed from the coastal and riverine sites, respectively.
There were many positions with small horizontal positioning errors and few with large errors. Thus, to reduce the heterogeneity of variance in the model residuals, the measured horizontal positioning error (HPEm) was transformed with a ln(Y i + 1) transformation. The new response variable was modelled using a Gaussian linear mixed model. Based on the data structure we tested both transmitter ID and Julian date as random effects by evaluating all combinations of random effects using AIC values, following the procedure recommended by Zuur et al. [35] . To model positioning efficiency, we used a binomial general linear mixed model with a logit link function as appropriate for a proportional response variable. Both transmitter ID and Julian date were tested for inclusion as random effects. Because the explanatory variables were continuous and approximately normally distributed, they were summarized with mean values calculated over the same 12 h periods used to compute positioning efficiency. For the estuarine site we also considered a random intercept and slope for the macrophyte index, letting the slope vary by transmitter because macrophyte growth was the only variable which displayed substantial spatial variation. To select the final suite of fixed effects for each model, we used backwards step-wise selection based on AIC values and log-likelihood ratio tests [35] . Statistical analyses were performed in R [36] , and mixed models were fit using the lme4 package [37] .
